This study analyzed the relationship between urban CO2 emissions and economic growth applying the environmental Kuznets curve hypothesis. The objective of this study is to investigate how urban CO2 emissions and their composition have changed with urban economic growth, depending on city characteristics, using a dataset of metropolitan areas. We obtained data for 276 cities in 26 countries for the years 2000, 2005, and 2008. The dataset includes urban CO2 emissions, GDP, and population. Additionally, data regarding compact city variables are applied to determinants analysis using an econometric approach.
Introduction
Currently, over half of the world's population lives in cities, and more than two-thirds of the population will do so by 2050 (OECD, 2014). The reason for this increase in urbanization appears to be driven by economic development and the bringing together of people, business and other activities within cities (OECD, 2012a).
Cities are critical to the economic prosperity and development of nations, accounting for over 60% of gross domestic product (GDP) in most nations, increasing to some 80-90% of GDP for developed nations (UN, 2015a). In addition, urban areas offer the greatest opportunities for skilled employment, with urban characteristics and city size playing a role in the nature of employment opportunities for each locale (UN, 2015b).
While cities are important in terms of their contribution to employment opportunity and economic prosperity, they also consume in excess of three quarters of energy produced around the globe, and urban areas are estimated to account for more than two-thirds of global energy-related greenhouse gas emissions (Seto et al., 2014) . This share is expected to increase to almost three-quarters of global energy-related emissions by 2030 with the vast majority of urbanizing population to come from developing nations, particularly in emerging Asian economies (OECD, 2014).
Thus, as the majority of global CO2 emissions originate from urban regions, there is a need to clarify the relationship between CO2 emissions and economic development in cities (Shi et al., 2018) . As developing nations continue to both develop and urbanize, it is likely that their CO2 emissions will also increase, identifying a further need to forecast how urban economic development in developing nations will affect future CO2 emissions.
Previous studies have focused specifically on the transport sector and investigated the relationship between air pollutants such as nitrous oxides (NOx) and particulate matter (PM) originating from within the transport sector and economic development in urban areas (Liddle, 2015) . It is crucial to reduce CO2 emissions from urban areas in order to meet global climate change mitigation targets and avoid global temperature increases (below 2 degrees above pre-industrial levels; UNFCCC, 2017). Therefore, this study addresses an important question; whether or not there is an empirical relationship between CO2 emissions associated with industrial and household activities and urban economic development?
Another important point is that urban characteristics can be diverse within the same country. Therefore, country level data analysis has limited usefulness in terms of investigating the relationship between CO2 emissions and economic development considering diverse urban characteristics within each country.
According to Fujii et al. (2017) , urban characteristics are a key factor to determine the relationship between economic development and CO2 emissions. Thus, the trend and pattern of the relationship between urban CO2 emissions and economic development represent useful information to build effective and appropriate urban climate policy. Based on these points, city level data analysis is necessary to thoroughly investigate the relationship between urban CO2 emissions and economic development considering urban characteristics.
According to country level data analysis between pollution and economic development, sector composition change is the key factor to achieve emission reduction with economic growth (Fujii and Managi, 2016 ). Thus, this study considers that sectoral composition change is also important for urban areas to reduce CO2 emissions. To confirm how the composition of CO2 emissions are different among metropolitan areas, this study describes the scatter plot using Figure 1 . Here, we investigate three sectors; which are the energy sector, transport sector, and residential and industry (R&I) sectors as the CO2 emitters in urban areas. The sum of CO2 emissions from three sectors equal the total CO2 emissions in the urban area. Figure 1 is scatter plot about showing the share of CO2 emissions from the transport (vertical axis) and energy (horizontal axis) sectors for 276 urban areas of low, middle, and high-income countries. It should be noted that plotted cities located near the origin represents that the share of CO2 emissions from the R&I sector is high. The figure shows there is not much difference in distribution tendencies among low, middle, and high-income countries. Therefore, economic development at the country level does not have a strong relationship with the share of urban CO2 emissions in the energy and transport sectors. This finding represents that the characteristics of urban CO2 emissions are diverse among metropolitan areas at the global scale.
[INSERT FIGURE 1 ABOUT HERE] Based on the above findings, as shown in Figure 1 , this study considers important city characteristics affecting urban CO2 emissions and estimates an urban environmental Kuznets curve (EKC) which can more comprehensively evaluate the main sources of CO2 emissions. This approach offers a more holistic evaluation of the relationship between emissions and economic development by considering overall city CO2 emissions as well as the transport, energy, and residential & industry sectors as described in Figure 2 . Using the estimated urban EKC, we address the key policy issues highlighted by the OECD regarding a tailored response to urbanization cognizant of local circumstances and issues such as land use, public transport and population density, among others (OECD, 2012b).
[INSERT FIGURE 2 ABOUT HERE]
Different from previous studies focusing on specific countries or regions, shown in section 2, this study considers both developed and developing nations in the world, in order to deliver a holistic evaluation to guide future city specific development and climate change mitigation policies, improving upon EKC approaches to date, which have been nation or sector/factor specific as described in the literature review.
The remainder of this paper is organized as follows: Section 2 provides a literature review of academic EKC analysis to date; Section 3 details our methodology; Section 4 explains the relevance of the data used in this study; Section 5 presents and discusses the results; and finally, Section 6 provides the conclusions of our study.
Literature review and urban EKC hypothesis
The EKC describes the relationship between per-capita income and environmental quality (Dinda, 2004) , and is based on the original work of Kuznets (1955) , describing an inverted-U relationship between income equality and economic development. Results of EKC analyses have demonstrated that CO2 emissions are related with economic growth in terms of energy consumption (Kaika and Zervas, 2013) , and that economic growth and environmental improvement may be complementary under appropriate policy settings (Dinda, 2004 ).
To date, very few urban investigations utilizing EKC have been undertaken, except for predominantly single nation case studies and multi-nation, limited factor analyses. For example, in the case of China, the relationship between air pollutants and economic development was investigated, identifying that environmental quality initially declines before improving with income growth, describing an inverted-U, EKC trend (Luo et al., 2014) . In addition, Liu (2009) investigated the sustainability gap between East, West and 'Model' cities across eight environmental indicators in China concluding that policies should prioritize environmental sustainability over economic growth. Wang and Liu (2017) investigate the EKC hypothesis using 341 city-level CO2 data in China and confirmed the inverted U shape relationship between CO2 per capita and urban economic development.
For the United States of America, a city level analysis of sustainability was undertaken by Berry and Portney (2013) , who find that the inclusion of environmental groups in policy making tends to improve local economic robustness, and may also provide a link between income growth, the emergence of environmental interest groups and environmental quality, represented by the EKC. Further, a specific study on the waste sector and CO2 emissions by Lee et al (2016) Asia confirmed an EKC relationship between CO2 emissions and economic growth, identifying turning points for income levels at which the relationship is confirmed (Oh, 2014) .
In terms of multi-regional studies, Shahbaz et al. (2017) However, the reverse was true for the Middle East, North Africa and Sub Saharan Africa. These findings may be linked to the low contribution of RE to the energy mix in these regions.
Considering this sample of precedential and recent EKC investigative literature, the authors find that no study exists which considers urban characteristics holistically in order to determine the relationship between economic development and CO2 emissions, as well as the urban factors which influence these relationships.
By considering developed and developing nations, each at varying levels of economic development, this study provides a broader, more comprehensive evaluation, leading to policy implications which can be tailored according to the urban characteristics and level of development in each case considered.
Underpinning this research is an analysis of how urban characteristics impact upon CO2 per capita (Fujii et al., 2017) . CO2 emissions were analyzed across regional groups and four clusters based on emission sources to identify the effect of urban characteristics on CO2 emissions, and any relationship between these factors. The results of this research showed that the impact of population density and commuting zone share had a different level of impact between city cluster types and region investigated. Based on these findings, the consideration of major sources of emissions in each urban area was identified as an important factor needing further investigation to clarify the linkage between CO2 emissions and economic development in urban areas (Fujii et al, 2017) . Table 1 represents the development stage of urban economic growth and urban CO2 emissions per capita.
At the low GDP per capita stage, people have difficulty in purchasing electronic products and private vehicles because of their low-income level (WorldBank, 2008) . Additionally, infrastructure including roads and power generation systems have a low capacity because the infrastructure and energy demands are relatively low (Arto et al., 2016) . Thus, we hypothesize that the amount of urban CO2 emissions per capita is smaller at the low urban economic growth stage.
Next, at the middle economic growth stage, income growth promotes the dissemination of electronic products and vehicles in the household sector (Rao and Ummel, 2017) . With economic development and increasing electronic product diffusion, electricity demand is rapidly increased (Khanna and Rao, 2009 ). To supply the large demand for electricity, governments build new power generation systems. Based on this situation, we hypothesize that urban CO2 emissions are rapidly increasing in locales at the middle economic growth stage.
Finally, we hypothesize that urban CO2 emissions will be decreased at the high economic growth stage.
There are two main reasons. Firstly, people's preference shifts toward more environmentally friendly options which enhance the probability of people purchasing highly energy efficient electronic products and fuelefficient vehicles (Mizobuchi and Takeuchi, 2016) . Secondly, measures to relieve traffic congestion by improvement of public transportation and road construction would be promoted at the high economic growth level. This is because people's opportunity cost increases with economic development (Wang et al., 2016) .
Increased time preference generally has the effecting of increasing people's stress level in times of congestion.
Therefore, local governments promote the relief of traffic congestion to increase citizen's satisfaction, a key factor to decide their choice of residence location.
Furthermore, we hypothesize that distributed energy with smart grid and renewable energy systems are diffused at the high economic development level. Distributed energy systems with renewable energy have an advantage in terms of decreasing power transmission losses and creating a low carbon society (Good et al., 2016) . However, a large amount of initial investment and maintenance costs are required to induce such a system, available for urban centers at the high economic development stage ). Thus, we consider that the energy sector will decrease urban CO2 emissions if the city deploys distributed energy systems which incorporate renewable energy.
[INSERT TABLE 1 ABOUT HERE]
Methodology
To examine the relationship between urban economic growth and urban CO2 emissions, we regressed urban CO2 emissions on GDP per capita, controlling for city characteristics. In the regression, we employed two types of econometric estimation. One is a conventional linear regression model (i.e. a parametric approach).
The other is a partial linear regression model (i.e. a semi-parametric approach). We explain these two methodologies here, in order.
We divided the total urban CO2 emissions into emissions from each of our three assessed sectors (i.e. the energy, transport and residential & industry sectors), mentioned in section 1. We separately conducted four regressions whose dependent variables are total and sectoral CO2 emissions. Therefore, let , represent urban CO2 emissions from sector in city for the year . stands for GDP per capita.
The quadratic term of GDP per capita ( ) is incorporated as an explanatory variable because we hypothesize that the relationship between urban CO2 emissions and economic growth as an inverted-U shape. The above equation is a parametric econometric model, known as a fixed effects model (Wooldridge, 2010) . However, the function form must be specified to apply the model. In particular, we assume the relationship between urban CO2 emissions and urban development is quadratic as shown in equation 1.
Although the quadratic function can draw both positive and negative relationships between these factors, there is a strong constraint that it is a symmetrical relationship, centred on a turning point.
Next, to allow more flexibility for the relationship, instead of a quadratic function, we employ a partial regression model developed by Lokshin (2006) , where the function form between urban CO2 emissions and economic growth is not specified but the relationship between urban CO2 emissions and control variables is specified to be linear. That is, the partial regression model consists of nonparametric and parametric parts.
Let (•) be a smooth unspecified function linking urban CO2 emissions and economic growth. , and are city, time-specific effects and the error term, respectively, similar to equation 1. Thus, the partial regression model can be expressed as follows:
where is a coefficient vector for the control variables.
Different from the fixed effects model, the partial regression model does not provide an explicit coefficient for . Instead, the relationship between and is illustrated as a figure, enabling us to visually understand whether the urban EKC is supported or not. As for the other parametric parts (i.e. control variables), coefficients can be obtained as usual.
Data
Our dataset includes 276 metropolitan cities in 26 OECD countries, covering the years 2000, 2005, and 2008.
The city list is described in Table A1 to A3 in the supplementary materials. We sourced all data variables from the OECD metropolitan database (OECD, 2012b) . This database provides a set of economic, environmental and social indicators for 281 metropolitan areas within OECD nations (functional urban areas with 500,000 or more inhabitants). Five metropolitan areas (Oslo, Zurich, Geneva, Basel and Copenhagen)
were removed from the data sample due to missing regional GDP data, resulting in 276 metropolitan areas suitable for analysis in this study. Table 2 ).
[INSERT emissions. Previous research has attempted to capture regional characteristics using a variety of variables (see Table 1 in Siedentop and Fina (2010) and Table 1 stated that "a most common complaint of sprawling development is that it lengthens commuting times." Thus, strong relationship between commuting time and urban sprawl can be assumed. Based on the above studies, this study used the land share of commuting zone in the metropolitan area as a proxy variable for urban sprawl.
Finally, the concentration of population in the core area was used as the degree of compactness. In contrast to the commuting zone variable, which evaluates urban sprawl by focusing on a specific area, concentration of population in the core area measures the degree of compactness using population distribution.
According to the OECD (2012b), the population divided by the surface of urban land within a metropolitan area can be introduced as a proxy variable for urban compactness.
Results
The results for the analysis incorporating the city dummy is shown in Table 3 . The results utilizing the country dummy are shown in Table A4 . The results show that the model utilizing the city dummy produces a higher R-squared value (Table 3 ). This result implies that the model which controls the characteristics of the city is more effective than the model which controls for country characteristics. This result also confirms the necessity for conducting analysis which controls for the diverse characteristics of cities.
[
INSERT TABLE 3 ABOUT HERE]
Based on the results in Table 3 , the model incorporating the city dummy variable shows a statistically significant negative relationship between the GDPPC squared value and urban CO2 emissions per capita (Table 3 ). The reasoning behind the early turning point shown by the residential & industry sector is easily explained through the relatively easy development process of replacing old facility equipment with lower energy efficiency with new facility equipment with higher energy efficiency. On the other hand, it takes time to secure sufficient tax revenues to improve public transport and roads, suggesting that the transport sector has a later turning point occurring only after a certain level of economic growth has been achieved. For the energy sector, which is related not only to the city in which it is located, but also to the consumers of the transmitted power, the turning point of GDP for the replacement of equipment or augmentation of the electricity network is expected to be high.
In addition to the estimation of parametric results, semi-parametric estimation was carried out to verify the robustness of the results. The results of the semi-parametric analysis are shown in Table 4 . We can confirm the consistent relationship between semi-parametric and parametric estimations and consider the results presented in this research to be robust. Additionally, we indicate the diagrammatic representation of estimated relationship between urban economic development and urban CO2 emissions. Figure 3 is described based on parametric estimation (see Table 3 ) and Figure 4 is described based on the semi-parametric estimation (see Table 4 ). From Figures 3 and 4 , we confirm the similar trend of the estimated relationship between urban economic development and urban CO2 emissions in each sector, and accumulated urban CO2 emissions. It should be noted that this study uses three breakpoint year's data to investigate the urban EKC relationship. Three year's data is the minimum necessary in order to isolate city-specific and time-specific effects, implying that our analysis satisfies the minimum conditions. Figures 3 and 4 illustrate the relationships between GDP per capita and sectoral urban CO2 emissions, removing potential effects on CO2
emissions from city-specific and time-specific effects and city characteristics. Therefore, a time horizon does not exist in these figures. To consider the long time-series relationship, this study assumes that if cities with low GDP per capita (i.e., their economic level is less than the identified turning point) attain economic growth, that their CO2 emissions will change averagely along the curve. Although mechanism for economic development is beyond our paper, the assumption that their economy will grow in the future is plausible.
[ The finding that turning point GDP per capita estimated country data is lower than turning point estimated urban level data implies that urban climate policy should refer the turning point information estimated by urban level data as a priority. In other words, turning point estimated by country level data may mislead urban climate policy to be less ambitious, because country level turning points provide easier to achieve targets.
Conclusion and policy implication
This study investigated the relationship between urban economic development and urban CO2 emissions in three sectors including the transport, energy, and residential & industry sectors. We tested the EKC hypothesis Four policy implications were identified through this study. Firstly, the results advocate the development of tailored local urban policy according to the situation of each city, not only in developed countries but also in developing countries, as opposed to a national governmental policy approach. This is in line with the suggestion of the OECD (2012a). Secondly, our study demonstrated that CO2 reduction strategies should be matched to city development levels and sectors in terms of efficiency, to take advantage of the identified factors and turning points which influence these reductions. The reason being that the appropriate countermeasures against climate change differ according to development levels and specific sectors (see Table 1 ). Third, due to the differences identified for each city in terms of their individual factors, it may be prudent to develop city specific policies rather than country level policies to reduce emissions. This is particularly true for larger metropolitan areas which are responsible for significant portions of overall national emissions. Towards this end, a number of large cities including New York and Delhi already participate in the C40 Cities Climate Leadership Group and are accelerating their climate actions (Lee and Meene, 2012).
Finally, our study identifies regions in Latin America and Eastern Europe where turning points for reduced emissions in the various sectors are in the future, where GDP per-capita is still below turning point thresholds, identifying policy priority areas to achieve emission reductions while promoting urban economic development. It is urgent to help the developing cites in these regions take climate action. One example for this implication is to establish city networks through joint seminars and workshops designed by international organizations (e.g., The World Mayors Council on Climate Change) to educate urban policy officers about reducing CO2 emissions effectively without a large investment. Importantly, urban policy officers should consider their city's economic development level and predicted turning point information in order to back cast the optimal carbon reduction strategy, using the climate policies of other cities as a reference. This progressive approach helps low economically developed cities to reduce their emissions without damaging their economic performance. Lee and Jung (2018) demonstrates that such a council as described above can enhance policy cooperation among cities.
There are several limitations in our analysis. The first of these is the analytical period (i.e. 2000, 2005
and 2008). To our knowledge, there is no comprehensive database regarding GHG emissions at the city level which covers the world, except for the OECD metropolitan database. Although a concentrated effort would be necessary to make a new, long-term database, if such database were to be constructed, we could conduct more detailed analysis, resulting in tailored urban policies against global warming. Second, existing urban policies such as tax and regulations are omitted in our analysis. As mentioned earlier, city governments have recently committed to reducing GHG emissions, independent from national governments. To guide a more efficient strategy against climate change, it is necessary to evaluate the urban policies that are actually implemented.
Further research could complement our study by investigating the relationship between urban economic development and urban air pollutant emissions including PM and nitrogen dioxide in developing countries.
Such analysis could clarify the relationship between urban economic development and urban air pollutant emissions, critical to understanding air quality management and also pertinent to public health policy development. Source: Authors made this figure using metropolitan area data from OECD. stat. Note: the number of observations is 828 for all estimations. Standard errors clustered by country are presented in parenthesis. ***, **, and * indicate significance levels at the 1, 5, 10% levels, respectively.
